We derive the transverse momentum broadening of the leading pions in deeply inelastic lepton-nucleus collisions. We argue that the measurement of such transverse momentum broadening can provide direct information on the multiple-parton correlation functions inside a nucleus. We also estimate the numerical values of such broadening at different values of x B and Q 2 .
I. INTRODUCTION
Multiparton correlation functions inside a large nucleus are extremely important and useful for understanding nuclear dependence in relativistic heavy ion collisions. When a quark or a gluon passes through the nuclear matter, it loses energy via radiation, and it picks up extra transverse momentum because of the multiple scattering [1] . The multiple scattering is directly associated with the multiparton correlation functions. Inside a large nucleus, multiple scattering can take place within one nucleon or between different nucleons. At high energy, the single scattering is always localized within one nucleon, and it cannot generate any large dependence on the nuclear size. Similarly, multiple scattering within one nucleon cannot provide much dependence on nuclear size either. Therefore, the large dependence on nuclear size is an unique signal of multiple scattering between nucleons. Measurements of such anomalous dependence on the nuclear size for any physical observable will provide direct information on the multiparton correlation functions in a nucleus.
However, there are many multiparton correlation functions in QCD. It is therefore important to identify physical observables which depend only on a small number of multiparton correlation functions. Otherwise, the data will not be able to separate contributions from different correlation functions. It was pointed out recently in Ref. [2] that the transverse momentum broadening of Drell-Yan pairs and the jet broadening in lepton-nucleus deeply inelastic scattering (DIS) are good observables, because at the leading order of α s , these two observables depend only on one type of multiparton correlation functions. It represents the correlations between hard quarks and soft-gluons, and has following operator definition [2, 3] , × P A |ψ q (0) γ
with A the atomic weight, and q is the quark flavor and F is the gluon field strength. In Eq.
(1), x is the effective momentum fraction and µ represents the scale-dependence of the correlation functions. In terms of the correlation functions in Eq. (1), the broadening of the jet transverse momentum in lepton-nucleus DIS can be expressed as [2] ∆ p
where p T is the transverse component of the jet momentum in the photon-nucleus frame in DIS. In Eq. (2), x B is the Bjorken variable and Q 2 = −q 2 with q 2 is the invariant mass of the virtual photon in DIS. From Eq. (2), it is clear that measuring the jet momentum broadening in DIS, ∆ p 2 T , provides a direct measurement of the quark-gluon correlation functions, T A qF (x B , Q 2 ), inside a nucleus. However, other than future HERA with a nuclear beam, existing fixed target facilities can not provide good measurements on jets in leptonnucleus DIS. It is the purpose of this paper to show that by measuring the leading pions in DIS and their transverse momentum broadening, the fixed target facilities, such as CEBAF, can provide good information on the quark-gluon correlation functions defined in Eq. (1) . This paper is organized as follows. In next section, we derive the transverse momentum broadening of the leading pions in lepton-nucleus DIS. We demonstrate analytically the direct correspondence between the transverse momentum broadening of the leading pions and the multiparton correlation functions. In Sec. III, we estimate the numerical values of such broadening at different values of x B and Q 2 by using the model of the quarkgluon correlation functions, introduced in Ref. [4] . We also derive explicit relations of the transverse momentum broadening for π ± and π 0 , and discuss the x and Q 2 dependence of the correlation functions.
II. TRANSVERSE MOMENTUM BROADENING OF PIONS IN DIS
Consider the leading pion production in the deeply inelastic lepton-nucleus scattering,
where k 1 and k 2 are the four momenta of the incoming and the outgoing leptons respectively, and p is the momentum per nucleon for the nucleus with the atomic number A. With ℓ being the observed pion momentum, we define the averaged pion transverse momentum square as
where dσ eA /dx B dQ 2 is the total inclusive DIS cross section. In Eq. (4), the Bjorken variable x B = Q 2 /(2p·q), and q = k 1 −k 2 is the four-momentum of the virtual photon. The transverse momentum ℓ T of the leading pion depends on our choice of the frame. In this paper, we choose the photon-nucleus frame, and let the z-axis along the momentum line of the nucleus and the virtual photon.
To separate the multiple scattering contribution from the single scattering contribution, we define the nuclear broadening of the transverse momentum square as
Assuming that the double scattering contributions dominate, and neglecting the contributions from the higher multiple scattering, we have
where superscript "D" represents the double scattering contribution. Our assumption can be verified from the A-dependence of the transverse momentum broadening. If the broadening is linearly proportional to the size of the nucleus, the double scattering approximation will be reliable. The differential cross section for the leading pion production in DIS can be expressed as [5] 
where c runs over all parton flavors c, z = ℓ/p c is the momentum fraction carried by the produced pion, and D c→π (z) is the fragmentation function for the parton of p c to become a pion of momentum ℓ. In Eq. (7), dσ eA→c /dx B dQ 2 dp 2 c T is the differential cross section to produce a parton of momentum p c in DIS. In general, including the multiple scattering, dσ eA→c /dx B dQ 2 dp 2 c T can be written as dσ eA→c dx B dQ 2 dp 2 c T dp
where
2 is the total invariant mass of the lepton-nucleon system. In Eq. (8), the leptonic tensor L µν is given by the diagram in Fig. 1a ,
and W µν is the hadronic tensor given by the diagram shown in Fig. 1b . At the lowest order single scattering, the differential cross section for producing a parton of momentum p c is given by [5] dσ S eA→c dx B dQ 2 dp 2
where superscript "S" stands for the single scattering, and dσ S /dx B dQ 2 is the leading order inclusive DIS cross section. To derive the leading contribution from the double scattering, we follow the derivation in Ref. [2] . By evaluating the Feynman diagrams shown in Fig. 2 , we obtain the double scattering contribution to W µν for producing a final-state parton of transverse momentum p c T :
) dp
In Eq. (12), T A qF (x B , Q 2 ) is defined by Eq. (1) with the factorization scale chosen to be Q 2 .
H D µν (p c ) represents the spinor trace of the partonic part of the double scattering and is given byĤ
Using the definition z = ℓ/p c , we can reexpress the momentum p c in terms of the momentum ℓ of the observed pion,
)dp
Combining Eqs. (7), (8), (12) , and (14), we obtain
and the overall constant factor will be canceled when we substitute Eq. (15) into Eq. (6) to obtain the transverse momentum broadening. In Eq. (15), z = ℓ/p c is the momentum fraction of the parton c carried by the observed pions. In the photon-nucleus frame, we choose the target momentum p along the − z-axis, such that
In this frame, we have the following expression for the momentum fraction z = ℓ/p c ,
In deriving the last equation, we used p c = x B p + q and p 2 ≈ 0. After working out the algebra for L µνĤ D µν , and substituting Eq. (15) into Eq. (6), we obtain
where D q→π (z) are the quark-to-pion fragmentation functions, and q A (x B , Q 2 ) are the effective quark distributions in the nucleus. In Eq. (17), z min = p · ℓ min /(p · q) is defined in terms of ℓ min which is the momentum cut for the pions measured in the experiment. One can choose ℓ min to be large enough to ensure the leading pion effect.
Since the quark-to-pion fragmentation functions are known [6, 7] , Eq. (17) shows that the transverse momentum broadening of pions provides the direct information on the quarkgluon correlation functions inside a nucleus. The measured size of the transverse momentum broadening, ∆ ℓ 2 T , depends on the choice of the momentum cut ℓ min (or equivalently z min ). Our predictions should be more reliable for the leading pions, or pions with relatively large momenta. By measuring the transverse momentum broadening for π ± and π 0 , and keeping a reasonable large value of z min , we can extract the quark flavor dependence of the correlation functions.
III. NUMERICAL RESULTS AND DISCUSSIONS
The numerical values of the pion transverse momentum broadening, ∆ ℓ 2 T (ℓ min ), depend on the explicit functional form of the quark-to-pion fragmentation functions and the quark-gluon correlation functions. In this section, without assuming any specific form for the quark-gluon correlation functions, we derive the relations of the transverse momentum broadening between π ± and π 0 based on the symmetries, such as isospin symmetry, charge conjugation invariance and etc. Furthermore, by using the simple model [3] proposed by LQS for the quark-gluon correlation functions, we explore both the normalization and functional dependence of the momentum broadening.
Although new parameterizations of the quark-to-pion fragmentation functions were obtained recently [6] , we will use the simple parameterizations of Ref. [7] for the following analytical derivations and discussions on the general features of the momentum broadening. Later, when we present our figures for the numerical values of the momentum broadening, we will use the parameterizations from both Refs. [6] and [7] , and demonstrate the similarities and differences.
Like the parton distributions, the quark-to-pion fragmentation functions also have scaling violation (or Q 2 -dependence). To simplify our discussion on the general features of the transverse momentum broadening, we ignore the scaling violation of the fragmentation functions, and let the fragmentation functions to be the input distributions of Ref. [7] , which are given as:
. For the strange quark fragmentation functions, we use D
In order to evaluate the transverse momentum broadening, Eq. (17) requires the moments of the fragmentation functions. We therefore introduce
where i = +, − and 0 for π + , π − and π 0 , respectively. Using the fragmentation functions defined in Eq. (18), we obtain following identity,
for all n. This identity is useful for the following discussions on the general features of the transverse momentum broadening. From Eq. (17), the transverse momentum broadening, ∆ ℓ 2 T (ℓ min ), depends on the D (i) (2, z min ), which are plotted in Fig. 3 . Having the quark-to-pion fragmentation functions, we derive the following general relations between the transverse momentum broadening of π + , π − , and π 0 particles:
and
without knowing the details of the correlation functions T 
z). Since the correlation functions T
A qF are not known, in order to obtain numerical estimates of the transverse momentum broadening of pions, we adopt the following model for quarkgluon correlation functions [3, 4] :
where q A (x) is the effective twist-2 quark distribution of a nucleus, and λ is a free parameter to be fixed by experimental data. Luo, Qiu and Sterman (LQS) proposed this model by comparing the operator definitions of the four-parton correlation functions and the definitions of the normal twist-2 parton distributions. Substituting Eq. (22) into Eq. (17), we have
From Eq. (23), we can deduce a very simple formula for the transverse momentum broadening of π 0 by using the fragmentation functions given in Eq. (18c):
In deriving Eq. (24), we neglected the strange quark contribution which is much smaller. This simple expression shows that ∆ ℓ 2 ), given in Eq. (22), is reasonable. In the following, we obtain our numerical estimates of transverse momentum broadening for π + , π − , and π 0 particles by evaluating Eq. (23). We normalize ∆ ℓ 2 T by A 1/3 , and plot our estimates in Fig. 4 to Fig. 6 . In view of the limited range of Q 2 that we are interested in, we neglect the scaling violation of the fragmentation functions for our numerical estimates. We used the simple fragmentation functions given in Eq. (18) to produce Fig. 4 to Fig. 6 . More realistic parameterizations for quark-to-pion fragmentation functions were obtained in Ref. [6] from recent DIS data. We present both results for ∆ ℓ 2 T π ± /A 1/3 by using these two different sets of the fragmentation functions in Fig. 7 to demonstrate the uncertainties in our numerical estimates due to different choices of the fragmentation functions.
In obtaining our numerical results, we use CTEQ3L parton distributions of Ref. [8] for the quark distributions in the nucleons. We took an average of the quark distributions of the proton and the neutron for the effective quark distribution in the nucleus, q A (x B ). In principle, the effective nuclear parton distribution should also include EMC effect. Many existing parameterizations of the EMC effect are chosen to be the same for all quark flavors. In this case, from Eq. (23), the factorized EMC effect for the effective nuclear parton distributions cancel between the numerator and denominator, and hence does not affect our numerical results. However, there is no obvious reason why the EMC effect for different quark flavor has to be the same. Therefore, we should in principle include these effects in our numerical estimates. But, since there are not enough accurate information on the flavor dependence of the EMC effect, and in this paper, we are only interested in the general features of the transverse momentum broadening and the numerical estimates, we did not investigate the uncertainties caused by the flavor dependence of EMC effect on the momentum broadening. We choose x B to be in the range of 0.2 − 0.3 to avoid the region of strong EMC effect [9] .
Figs. 4a and 4b shows ∆ ℓ 2 increases. This is caused by the Q 2 dependence of the α s (Q 2 ) in the overall factor of the transverse momentum broadening. In addition, the identity, ∆ ℓ
π − , has some week dependence on the value of x B due to the fact that the number of sea quark increases at smaller x B in comparison with the valence quarks.
The value of λ 2 for the quark-gluon correlation function T A qF , given in Eq. (22), has not been well determined. It was estimated in Ref. [4] by using the measured nuclear enhancement of the momentum imbalance of two jets in photon-nucleus collisions [10, 11] , and was found to be the order of λ 2 ∼ 0.05 − 0.1GeV 2 . However, the nuclear enhancement of the Drell-Yan transverse momentum [12, 13] indicates a much smaller value of λ 2 [2] . Although the momentum imbalance of the di-jet data represents the final-state multiple scattering, and the Drell-Yan data is an effect of the initial-state multiple scattering, the leading order calculation requires the λ 2 from the two data sets to be the same [2] . Therefore, this work on the transverse momentum broadening in pion productions should provide a new and independent measurement of the size of the quark-gluon correlation functions, and the value of the λ 2 , which is extremely important for understanding the nuclear dependence and the event rates in the relativistic heavy ion collisions. Since both di-jet momentum imbalance and the transverse momentum broadening are caused by the final state multiple scattering, we used λ 2 = 0.05 GeV 2 for Figs. 4 to 7. Any change in λ 2 will only change the overall normalization factor in ∆ ℓ 2 T /A 1/3 , and hence does not affect the general features of ∆ ℓ 2 T /A 1/3 . We conclude that the transverse momentum broadening of leading pions in deeply in-elastic lepton-nucleus scattering is an excellent observable to probe the parton correlation functions in the nucleus. Measuring the transverse momentum broadening ∆ ℓ 2 T in the leading pion production in DIS provides an independent test for the existing model of the quark-gluon correlation functions [3] . More importantly, by measuring such broadening, we can directly measure the x and Q 2 dependence of the correlation functions, which is very useful for predicting the event rates and for understanding the nuclear dependence in the relativistic heavy ion collisions. [7] , and the dashed lines are obtained by using the fragmentation functions of Ref. [6] .
